THE cortical organization of executive control was investigated using event-related potentials (ERPs). ERPs were collected while subjects performed a go/no go task that required response inhibition. First, around 26 0 ms after stimulus onset, an effect of response inhibition on ERPs was observed over inferior prefrontal areas. Generators in these regions were confirmed by source analysis. Later, between 300-60 0 ms after stimulus onset, a left lateralized fronto-central ERP effect was found which differed in topography from a non-specific effect of task difficulty. Source analysis indicated that generators in anterior cingulate and left premotor areas also contributed to this effect. Orchestrated activation of prefrontal areas and the anterior cingulate subserves executive function whereas relatively late activity of the left premotor cortex is involved in motor control.
Introduction
The control of action and thought plays an important role in the organization of human behavior. Cognitive and neuropsychological theories have therefore proposed a cognitive system which guides behavior in novel or challenging situations. Theories of attention 1 and of working memory 2, 3 have stressed the significance of an 'executive control system' in cognitive processing. According to Norman and Shallice, 4 executive control is exerted by a supervisory attention system which is engaged in situations requiring decision making, conflict resolution, error correction and response inhibition. In short, executive control is involved in cognitive processing when learned routines are not available or ineffective for task performance.
Executive function can be studied in go/no go tasks which require inhibition of a prepared response. In such tasks, subjects usually have to respond to a given target stimulus (a tone or a letter) overtly or covertly (go condition). In a second condition, however, they have to withhold a response to a given stimulus (no go condition). The go/no go paradigm has been applied in several electrophysiological studies to investigate the effects of response inhibition on eventrelated potentials (ERP). Two major ERP events related to response inhibition have been frequently described. First, a negative peak between 200 and 300 ms over the fronto-central scalp, termed the N2 component, is enlarged in the no go condition compared to the go condition. 5, 6 This augmented N2 has also been found in variants of the go/no go task when a covert response such as counting of tones (but no overt motor response) had to be suppressed. 7 It is generally assumed that the N2 effect reflects higher level inhibitory processes in an executive control system. Second, a positive wave usually peaking between 300 and 60 0 ms (the P3 component) is increased in the no go condition over fronto-central regions, 7, 8 particularly over the left hemisphere of subjects responding with their right hands. 9 This augmented P3 is often referred to as 'no go P3' because of its peculiar topography (maximum over fronto-central sites) which differs from the centroparietal 'go P3'. Both the N2 and the P3 effect are usually interpreted as electrophysiological signatures of response inhibition.
This interpretation has been questioned for the following reasons. First, it has been a matter of debate whether the enlarged fronto-central positivity is related to the inhibition of a motor response or just Cognitive Neuroscience and Neuropsychology   1111  2  3  4  5  6  7  8  9  10111  1  2  3  4  5  6  7  8  9  20111  1  2  3  4  5  6  7  8  9  30111  1  2  3  4  5  6  7  8  9  40111  1  2  3  4  5  6  7  8  9  50111  1  2  3  4  5  6111p reflects the lack of motor-related negativity in the no go condition. 6, 9 Second, the no go condition may require more attentional resources than the go condition. Therefore the ERP effects might reflect a nonspecific difficulty to perform the no go task compared with the go task, rather than the process of response inhibition. Furthermore, it is desirable to relate electrophysiological findings to the results from neuroimaging and neuropsychological studies, in order to form an integrated view of the neural basis of executive control. ERP studies can provide information on the time course of brain activity during task performance. From recent studies using positron emission tomography (PET) or functional magnetic resonance imaging (fMRI) there is converging evidence that a cortical network of frontal areas including the lateral inferior prefrontal and the anterior cingulate cortex subserves executive function. [10] [11] [12] Accordingly, patients with frontal lobe damage exhibit deficits in executive control. 13, 14 However, the use of a sparse electrode array in the previous ERP studies made it difficult to determine possible neural generators underlying the scalp ERP effects and prevented the formation of an integrated theoretical framework of response inhibition.
In the present study, we recorded high-resolution event-related potentials from 64 channels while subjects performed a go/no go task in a modified auditory oddball paradigm. We assessed whether the ERP effects in the go/no go conditions are distinct from the effects of general difficulty by varying pitch disparity between the standard and the target tones. The go/no go effects are more likely to be an electrophysiological correlate of executive function if their scalp distribution is different from the effects of difficulty. Moreover, we investigated whether the go/no go ERP effects are independent of response side, thereby reflecting the activity of a higher-level cortical system in cognitive control. In order to relate the ERP effects to findings from neuroimaging studies the spatio-temporal sequence of possible cortical generators was identified using dipole analysis.
Materials and Methods
Sixteen right-handed volunteers (Edinburgh Handedness Inventory 15 ; nine male, seven female; mean age 27 years) without any history of neurological or psychiatric illnesses served as subjects. In a clinical test, they showed normal hearing. All subjects gave their informed consent before participation, and the experiment has been approved by the local Ethical Committee.
Subjects received four blocks of 40 infrequent high-pitched tones, pseudorandomly interspersed between 160 frequent low-pitched tones. All tones were presented binaurally for 40 ms at 70 dB nHL by insert earphones. The interstimulus interval varied randomly between 1.3 and 1.7 s. In the go condition subjects were instructed to press the left key of the mouse using their index finger upon the occurrence of the infrequent tone. In the no go conditions subjects were told to respond continuously with a key press to the frequent tone, but to withhold the response when the rare tone was presented. Half of the subjects responded with their right hands and the other half with their left hands.
Task difficulty was varied by including two levels of pitch disparity between the frequent and the rare tones. In all conditions the frequent tone was 1000 Hz. Pitch of the rare tones was adjusted to each subject's ability to discriminate tones. In a pretest, subjects were presented with a random ordering of 300 pairs of tones which consisted of the 1000 Hz standard tone followed either by a second 1000 Hz tone (in 50% of the trials) or by one of the following different tones (1010, 1015, 1020, 1025, 1030, 1040, 1050, 1060, or 1100 Hz). Subjects were asked to detect the tone pairs differing in pitch. For the subsequent main experiment, the pitch of the rare tones was selected individually for each subject according to the following criteria. For the simple task, pitch was set to the frequency in which the pitch difference of the pairs was detected in 100% of the trials (mean 1056 Hz). For the difficult task, the pitch for the rare tone was set to the frequency where an accuracy of 80% was achieved (mean 1035 Hz). The presentation order of the four different experimental conditions (go-simple, go-difficult, no go-simple, no go-difficult) was counterbalanced across subjects with the restriction that subjects received blocks with the same response requirement always in direct succession.
Scalp voltages were collected using a 64-channel Geodesic Sensor Net 16 ( Fig. 1) . A right inferior occipital electrode was connected to the ground, and the vertex electrode was used as reference. Eye movements were monitored with supra-and infra-orbital electrodes and with electrodes on the external canthi. Electrode impedance was maintained below 20 k⍀ for all recordings. Electrical signals were recorded continuously with Synamps amplifiers (bandwidth DC 70 Hz; 50 Hz notch filter) and digitized (sampling rate 250 Hz). The continuous EEG was segmented into epochs starting 100 ms before the onset of a tone and lasting until 1000 ms after its onset. The EEG was digitally low-pass filtered with 16 Hz and baseline corrected over the 100 ms prestimulus epoch. Artifact-free trials with correct responses were averaged separately for the target conditions synchronous to the onset of the stimulus. 1111  2  3  4  5  6  7  8  9  10111  1  2  3  4  5  6  7  8  9  20111  1  2  3  4  5  6  7  8  9  30111  1  2  3  4  5  6  7  8  9  40111  1  2  3  4  5  6  7  8  9  50111  1  2  3  4  5  6111p The average reference transform 17 was applied to obtain a reference-independent estimation of scalp voltage, and the reconstructed vertex reference was added to the data. Source locations and activity waveforms were calculated using a spatio-temporal multiple dipole model (BESA).
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Results
Behavioral performance in target detection was assessed by calculating d′ measures from hit and false rates as an index of sensitivity. 19 Subjects were much better in detecting the target in the simple (d′ = 4.16) than in the difficult condition (d′ = 3.35; F(1,14) = 33.020, p < 0.0001). Moreover, accuracy was superior in go tials (d′ = 3.96) to that in no go trials (d′ = 3.54; F(1,14) = 8.595, p < 0.01).
In the ERP data to the target tones, three task relevant components were observed in all conditions: a fronto-centrally distributed negativity peaked at about 260 ms, accompanied by a concurrent inferior fronto-temporal positivity. In line with previous studies, we identified this voltage pattern in our average-referenced data set as the N2. Following the N2, a centro-parietal positivity (i.e. a P3) emerged, peaking at about 380 ms. For the remaining part of the recording epoch a positive slow wave was observed which had a broad fronto-central and parietal distribution. Scalp voltages were analyzed statistically in three time windows which were centered around the peak latency of the above described ERPevents: N2 (simple: 228-288 ms; difficult: 252-312 ms), P3 (simple: 332-412 ms; difficult: 356-436 ms) and slow wave (simple: 413-533 ms; difficult: 437-557 ms). Three scalp regions of interest, each of them being represented by three pairs of contralateral electrodes, were selected for analysis: inferior frontotemporal, fronto-central, and centro-parietal (see Fig. 1 ). Separate ANOVAs were performed on mean voltage in each time window and scalp region with task, difficulty, hemisphere and electrode site as within-subject factors, and with response side as between-subject factor. When appropriate, degrees of freedoms were adjusted according to Greenhouse and Geisser. The corresponding e and the corrected significance levels are reported. Level of significance testing was 0.05.
N2:
The superior negative/inferior positive pattern was observed over the fronto-central and inferior fronto-temporal regions. Therefore, scalp voltages were only analyzed at the corresponding electrode sites (Fig. 2) . In the fronto-central region, voltage to no go trials was numerically slightly more negative than to go trials. This effect, however, was small and did not reach significance. In the inferior frontotemporal region, voltage differences between the tasks were reliable (F(1,14) = 8.467, p < 0.011): no go trials were bilaterally more positive than go trials. The effect was largest at the most anterior electrodes (task × electrode site, F(2,28) = 4.002, e = 0.903, p < 0.034) and at these electrodes most pronounced in the subjects responding with the right hand (task × electrode site × response hand, F(2,28) = 3.479, e = 0.903, p < 0.05), but Newman-Keuls tests revealed that differences between conditions were reliable at all electrode sites and in both subjects groups. Hence, the effect of task was largely the same irrespective of whether the subjects responded with the left or the right hand suggesting independence of response side.
P3:
Voltages in the P3 interval were assessed over both centro-parietal and fronto-central regions (Fig. 2) . At centro-parietal electrodes ERPs were affected by difficulty (F(1,14) = 6.252, p < 0.025). In the simple condition positivity was larger than in the difficult condition. A difficulty × electrode site interaction indicated that differences between conditions were larger at superior parietal than at inferior sites F(2,28) = 9.568, e = 0.745, p < 0.001). According to subsequent post-hoc tests, the effect of difficulty was reliable at all but the most inferior electrodes. Similarly, difficulty had an effect on P3 amplitude over fronto-central areas (F(1,14) (F(1,14) = 5.337, p < 0.036) and difficulty × hemisphere × electrode site interactions (F(2,28) = 4.033, e = 0.983, p < 0.029): differences between simple and difficult conditions were significant over both hemispheres and at all electrode sites, but the effect was larger over the right than over the left side as well as over central than over frontal regions. Task affected voltages only at fronto-central electrodes. A task × hemisphere interaction (F(1,14) = 5.720, p < 0.031) indicated that no go trials elicited a greater positivity than go trials, predominantly over the left side. Positivity to go trials was bilateral while there was a tendency for a left lateralization in no go trials (p < 0.06).
Slow wave: ERPs were analyzed again at centroparietal and fronto-central electrodes. At centro-parietal electrodes a task × electrode interaction was obtained (F(2,28) = 4.406, e = 0.792, p < 0.032). Posthoc tests revealed that voltage to no go trials was more positive than to go trials only at the superior parietal electrode pair. No other effect reached significance. At fronto-central electrodes the effect of task was also reliable (F(1,14) = 17.838, p < 0.0009). In addition, a difficulty × hemisphere interaction (F(1,14) = 6.981, p < 0.019) was obtained which was overridden by a task × difficulty × hemisphere interaction (F(1,14) = 5.069, p < 0.04). Post-hoc tests showed that voltage to no go trials was consistently more positive than to go trials. This effect was larger for the difficult condition, particularly over the left fronto-central region. There were also remarkable differences in hemispheric asymmetry between conditions: ERPs in the difficult no go condition were strongly left lateralized. In the simple no go condition positivity was bilateral. In contrast, ERPs in the go condition were less positive on the left than on the right. This hemispheric difference reached significance in the simple condition. The only effect involving response side was a marginally significant four-way interaction of task × difficulty × hemisphere × response side (F(1,14) = 3.531, p < 0.081). This effect can be interpreted best that response side affects mainly ERPs to go trials whereas ERPs to no go trials remain basically the same. As can be seen in the lower part of Fig. 2 , ERPs to go trials were more negative on the left than on the right side when subjects responded with the right hand while a bilateral or even reversed pattern was found when they responded with the left hand.
Source analysis was performed in the time window of 250-557 ms post-stimulus onset on the difference waveform of the no go minus go subtraction in the difficult condition to determine possible neural generators underlying the go/no go effects. Analysis was based on this comparison because the effects were largest. Activity in the epoch preceding the analyzed time window was reduced using a spatial component to model the related subspace. 20 A model which included the following sources fitted the data best ( Fig. 3) : bilateral sources in the inferior prefrontal areas (dipoles 1 and 2) which peaked around 260 ms and showed thereafter sustained activity; sources in the left precentral area (3, peak at 500 ms) and near the frontal midline (4, peak at 590 ms); bilateral sources in the temporo-basal areas (5 and 6) which contributed to the scalp ERP effect throughout the entire epoch.
Discussion
The present study was designed to probe the sequence of brain activation during response inhibition and to assess whether this activity is dependent on overall task difficulty and response preparation. Several brain structures were activated in a temporal sequence during task performance. At a relatively early stage of processing (around 260 ms after stimulus onset) a bilateral inferior frontal effect of response inhibition was observed in the time window of the N2 ERP component. Source analysis suggested generators in the inferior prefrontal cortices to underly these effects. Recent intracranial recordings in the prefrontal cortex of monkeys revealed brain activity specific to no go trials in the N2 time window. 21 Later, (around 300-600 ms after stimulus onset) an augmented fronto-central positivity was found in the no go task which was most prominent over the left fronto-central cortex. The left frontocentral positivity was strongest in the difficult no go task. It was not present in the difficult go task. Moreover, the effect turned out to be independent of response side. Source analysis indicated that in addition to the generators in the prefrontal areas sources near the frontal midline (approximately anterior cingulate cortex) and in the left premotor or motor cortex became active. This finding is compatible with previous studies demonstrating the involvement of the anterior cingulate in executive function 11, 22 and with the role of the left premotor cortex in controlling motor behavior. 23 Our results confirm and extend previous ERP work on response inhibition. An enlarged N2 component in no go tasks has been associated with response inhibition. However, this effect could not be reliably elicited in auditory no go tasks. 8 In line with the latter findings, we did not find a frontocentral N2 effect of task instruction. Instead, we observed an inferior frontal effect in the N2 time window with reversed polarity. This has not been described previously, probably because electrodes had not been placed in this area. The discrepancy between these different findings may be explained as follows. The N2 component is characterized by an electrical field with a fronto-central negativity and an inferior frontal positivity. The effect of response inhibition on the N2 may be obscured over fronto-central areas by overlap of the emerging fronto-central positivity under certain circumstances (depending on the task or stimuli used). But it should still be visible at inferior fronto-temporal electrodes where we detected this effect. However, this issue needs further investigation.
Augmented positive waves in the P3 range to no go trials with a maximum over (left) fronto-central regions have been reported in several studies. [6] [7] [8] [9] However, it has been a matter of debate whether this effect is elicited by response inhibition itself or by a movement-related negative potential in the go condition. Our results suggest that this ERP effect is genuinely associated with the process of response inhibition for the following reasons. First, the left fronto-central positivity to no go trials was independent of response side while the ERPs to go trials were affected by this variable. Second, difficulty in discriminating the tones had a specific effect on no go trials which was confined to the fronto-central area. Positivity was increased by task difficulty over the left fronto-central area only in no go, but not in go trials, where the opposite pattern was observed. The task specificity of this effect demonstrates that the left fronto-central positivity is associated with response inhibition.
A broader non-specific P3 effect of difficulty could be dissociated from the fronto-central effect elicited by response inhibition. The non-specific P3-effect was common to the go and no go task. At parietal and central leads, P3 amplitude was smaller in the difficult than in the simple condition. This confirms other observations of reduced P3 amplitude in situations when decisions are made more difficult so that subjects are less confident in the correctness of their decisions. 24, 25 Accordingly, when detecting the rare tones, our subjects were less accurate in the difficult as compared to the simple condition. Our behavioral data also indicated that the no go condition was slightly more difficult than the go condition. However, the task-related effect exhibited a completely different scalp topography from that of the difficultyrelated effect. This suggests that the observed taskrelated activities were not dependent on overall task difficulty and attentional demand.
Conclusion
The present study demonstrates that response inhibition in a go/no go task is associated with a sequence of distinct ERP effects which cannot be explained by other variables such as general difficulty or exclusively by lack of a prepared motor response. The observed early inferior prefrontal ERP effect and the later left fronto-central effect are largely independent of response side and are specific for the no go task. From these specific effects a non-specific centro-parietal effect of difficulty on P3 amplitude could be dissociated. The inhibition-related ERP effects can be tentatively linked to brain areas known to be involved in higher level executive function and motor control from recent neuroimaging studies: the early effect can be associated with prefrontal activation, the later effect with additional activation of the anterior cingulate and the left premotor cortex. Anterior cingulate and inferior frontal cortex are thought to form a cortical network of executive function whereas the left premotor cortex supposedly plays an important role in motor control.
